Abstract. cuB-domain-containing protein 1 (cdcp1)/ cd318 is a single transmembrane molecule highly expressed in colorectal cancer and leukemia. it has also been shown to be expressed in hematopoietic progenitor cells. in this study, we analyzed the expression of cd318 on cord blood hematopoietic stem and progenitor cells. cord blood mononuclear cells were depleted of mature blood cell linage (lin)-positive cells and then lin-negative cells were sorted by flow cytometry based on the expression of CD34 and CD318. analysis of sorted cells by colony-forming assay showed that cd34 + cd318 + cells produced more mixed colony forming units and erythroid burst forming unit-derived colonies than cd34 + cd318 -cells. these colonies were also produced by cd34 -cd318 + and cd34 -cd318 -cells, but were generally fewer in number. When sorted cells were cultured on a monolayer of human mesenchymal stem cells, cd34 + cd318 + cells proliferated more abundantly than cd34 + cd318 -cells, while cd34
-cd318 + and cd34 -cd318 -cells failed to proliferate. transplantation of cd34 + cd318 + cells into non-obese diabetic/severe combined immunodeficient disease (NOD/ SCID) mice resulted in efficient reconstitution of human cells, indicating that cd34 + cd318 + cells possess strong SCID-repopulating cell activity. These findings suggest that the co-expression of CD34 and CD318 identifies the immature character of hematopoietic stem cells.
Introduction
cuB-domain-containing protein 1 (cdcp1), also known as CD318, was first identified as the product of a gene preferentially expressed in colon cancer cells (1) . cdcp1/cd318 is a type i transmembrane protein containing three cuB (complement protein subcomponents c1/r, urchin embryonic growth factor and bone morphogenic protein 1) domains within the extracellular region and a hexalysine stretch within the cytoplasmic region (1) . cd318/cdcp1 are possibly involved in cell adhesion or extracellular matrix interaction (1, 2) , and cd318 expression levels are correlated with the metastatic ability of carcinoma cells (3). cdcp1 mrna was also detected in lung, breast and gastric cancers and in the erythroleukemia cell line K562 (1) (2) (3) (4) . in addition, expression of cd318 has been reported in hematopoietic stem, mesenchymal stem and neuronal progenitor cells (5) .
human hemaptopoietic stem and progenitor cells (hScs/ hpcs) can differentiate into many types of mature blood cells including erythrocytes, granulocytes and thrombocytes (6) . human cd34 + cells include several classes of hScs/hpcs, such as relatively mature in vitro colony forming cells (cFcs), relatively immature long-term culture initiating cells (ltc-ic) and immature transplantable Scid-repopulating cells (Srcs), that can engraft in non-obese diabetic/severe combined immunodeficient disease (NOD/SCID) mice (7) (8) (9) . Subpopulations of cd34 + cells, such as cd34 + cd38 -and cd34 + cd133 + cells, have been reported to be rich in immature hematopoietic cells including Srcs (10, 11) .
in hematopoetic cells in the bone marrow (Bm) and cord blood (cB), cd318 is expressed on cd34 + cells, but not on mature hematopoietic cells (5) . in leukemia, cd318 is predominantly expressed on cd34 + cd133 + myeloid leukemic blasts. The transplantation of purified CD318 + cells into NOD/ Scid mice results in the engraftment of human cells with multi-lineage differentiation potential (12) .
in the present study, we analyzed the expression and hematopoietic activity of cd318 on cB hematopoietic cells in relation to cd34 expression. We found that cd34 + cd318 + cells were rich in cFcs, proliferated well on a monolayer of mesenchymal stem cells and showed high Src activity. We conclude that cd318 expression on cd34 + cells identifies immature hematopoietic stem cells.
Materials and methods
Cytokines. recombinant human (rh)-interleukin (il)-3, rh-stem cell factor (ScF), rh-granulocyte colony-stimulating CD318/CUB-domain-containing protein 1 expression on cord blood hematopoietic progenitors factor (G-CSF), rh-granulocyte/macrophage (GM)-CSF, rh-thrombopoietin (TPO) and rh-erythropoietin (Epo) were a generous gift from the Kirin Brewery co. ltd. (tokyo, Japan). Flt3 ligand (FL) was purchased from R&D Systems (minneapolis, mn).
Mice. Eight-week-old female NOD/shi/SCID mice were purchased from Clea Japan (Tokyo, Japan). The mice were maintained on racks under specific pathogen-free conditions with a laminar air flow and were supplied with sterile food and drinking water.
Isolation of lineage-negative cord blood cells. umbilical cB was obtained from normal full-term deliveries after obtaining consent of the mothers. this study was approved by the institutional review board. mononuclear cells (mcs) were separated by density gradient centrifugation using FicollPaque (GE Healthcare, Buckinghamshire, UK). The MCs were subjected to depletion of lineage-positive cells using the automated magnetic cell sorter (automacS) system (miltenyi Biotec inc., auburn, ca) and the lineage cell depletion kit, which included biotinylated antibodies to lineage-specific antigens (cd2, cd3, cd11b, cd14, cd15, cd16, cd19, cd56, cd123 and cd235a) and anti-biotin magnetic microbeads (miltenyi Biotec inc.). the lineage-negative cB cells were frozen in α-medium supplemented with 10% dimethylsulfoxide and 12% hydroxyethyl starch (CP-1 cryoprotectant; Kyokuto Pharmaceutical Co., Tokyo, Japan) and 8% human serum albumin in a -80˚C freezer.
Flow cytometric analysis and cell sorting. lineage-negative cells were stained with fluorescein isothiocyanate (FITC)-conjugated anti-cd34 monoclonal antibodies (Beckman coulter, miami, Fl), phycoerythrin (pE)-conjugated anti-CD318/CDCP1 antibodies (clone CUB1; BioLegend, San diego, ca) and phycoerythrin-cyanin 7 (pc7)-conjugated anti-CD45 antibody (Beckman Coulter) at 4˚C for 30 min. the cells were also stained with 7-amino-actinomycin d (7-aad) (Beckman coulter) to exclude dead cells, in which 7-AAD-positive cells were gated out. Immunofluorescence analysis and sorting were performed using FacSaria (Becton-dickinson). appropriate isotype-matched antibodies were used as a control in all of the experiments.
Colony-forming cell assay. colony-forming cell (cFc) assays were performed in 35-mm petri dishes (Becton-dickinson) by incubating the cells in semisolid α-medium containing 0.8% methylcellulose (Shinetsu chemicals co., tokyo, Japan), 30% fetal calf serum (Gibco BRL, Grand Island, nY), 1% bovine serum albumin, 10 -4 m 2-mercaptoethanol (2-ME; Wako Pure Chemicals, Osaka, Japan), 2 mM l-glutamine (Sigma), 10 ng/ml il-3, 20 ng/ml ScF, 10 ng/ml G-CSF, 10 ng/ml GM-CSF and 2 U/ml Epo (Kirin Brewery) for 14 days at 37˚C in a humidified atmosphere flushed with 5% CO 2 in air (13) (14) (15) . The colony-forming units (CFU)-GM, cFu-mix and burst-forming units-erythroid (BFu-E) were identified by the ability to form granulocyte/macrophage (GM) colonies, mixed erythroid and myeloid (Mix) colonies and erythroid burst colonies, respectively, as described previously (13-15) . (MSCs) in the presence of cytokines. mScs, established from normal Bm cells, were purchased from BioWhittaker, inc. (San diego, ca) and maintained as previously described (16) . cells (1x10 3 cells/well in a 12-well plate) were seeded on a layer of mScs in 1 ml of serum-free medium, Stempro34 supplemented with Stempro-34 nutrient supplement (both from Gibco BRL), 2 mM glutamine and penicillin/streptomycin in the presence of 100 ng/ml SCF, 100 ng/ml TPO and 100 ng/ml Fl. after 7 and 14 days of culture, cells were harvested and counted.
Co-culture of cord blood cells with human mesenchymal stem cells
SCID-repopulating cell (SRC) assay. cells (1x10 4 ) were injected through the tail vein into 10-week-old NOD/shi/SCID mice sublethally irradiated (3 Gy X-ray). The mice were intraperitoneally injected with anti-asialo GM1 antibody (Wako pure chemical) to reduce the natural killer cell activity (17) . The mice were sacrificed 8 weeks after the transplantation and analyzed for human dna in Bm cells as previously described (16, 18) . Briefly, DNA was extracted from BM cells using a SepaGene extraction kit (Sanko Pure Chemical Co., Tokyo, Japan) and analyzed for the human-specific DNA 17α-satellite gene by quantitative real-time pcr (19) . the primers used were sense 5'-ACGGGATAACTGCACCTAAC-3', and antisense 5'-CCATAGGAGGGTTCAACTCT-3'. All experimental procedures were performed according to the Guidelines for the care and use of animals approved by the animal committee of hyogo college of medicine.
Statistical analysis. data are presented as the mean ± standard error (SE). the Student's t-test was used. p-values of <0.05 were accepted as significant.
Results

Expression of CD318 on hematopoietic progenitors.
We characterized the expression of CD318 in cord blood cells by flow cytometry. lineage-negative cord blood cells were gated in the blast/lymphocyte region (r1) (Fig. 1a) , and then cd45 dim+ cells with cd34 + (r2) and cd34 -(r3) were gated (Fig. 1B) . the expression of cd318 on cd34 + cells was ~70% (Fig. 1c ) and that of cd318 on cd34 -cells was ~60% (Fig. 1d ). cd34 + cd318 + (r5), cd34 + cd318 -(r4), cd34 -cd318 + (r7) and cd34 -cd318 -(r6) cells were individually sorted for the following functional analyses.
Colony formation of sorted cells by means of CD34 and CD318.
We analyzed sorted cells by the hematopoietic colony forming assay (Fig. 2) 
SCID-repopulating cell assays of the sorted cells.
We next performed Src assays by transplanting each sorted cell fraction into NOD/SCID mice through the tail vein. Eight weeks later, the mice were analyzed for human hematopoietic cells in the BM by real-time PCR analysis of the human-specific dna 17α-satellite gene.
All five mice transplanted with primary CD34 + cd318 + cells were positive for the human dna, indicating that primary cB cd34 + cd318 + cells contained Scid-repopulating cells (Srcs) (Fig. 4) . cd34 + cd318 -cells were also engrafted, but to a significantly lower degree than the CD34 + cd318 + cells (p<0.05). By contrast, mice transplanted with cd34 -cd318 + or cd34 -cd318 -cells were negative for the human dna, indicating the absence of the Scid-repopulating capacity. these results showed that cd34 + cd318 + cells had the highest Src activity.
Discussion
CD318/CDCP1 was first found to be expressed in colon cancer cells and then in breast, lung and other types of cancer cells (1, 2) . Expression of cd318 has also been reported in cells phenotypically identical to hematopoietic stem/progenitor cells, mScs and neural progenitor cells (5) . human cd318 + cells transplanted into NOD/SCID mice resulted in the engraftment of human cells showing Src activity (12) . in the present study, we analyzed the expression and hematopoietic activity of cd318 on hematopoietic cells in relation to cd34 expression.
We confirmed that CD318 was expressed on CD34 + cells. We found that cd34 + cd318 + cells were rich in cFcs, including cFu-mix and BFu-E, and exhibited more proliferative activity on adherent cells than on cd34 + cd318 -cells. notably, the cd34 + cd318 + cells showed high Src activity. These findings suggest that CD34 + cd318 + cells were rich in hematopoietic progenitors and also rich in immature hScs.
it has been reported that cd34 -cells, like cd34 + cells, contain hematopoietic stem cells (20) . in this study, we found that cd318
+ cells were present in the cd34 -cell fraction. these cd34 -cd318 + cells had the capacity to form hematopoietic colonies, especially erythroid (BFu-E) colonies. however, cd34 -cd318 + cells did not proliferate on adherent cell layers and contained no Srcs. Similarly, cd318
-cells in the cd34 -fraction contained colony-forming cells, but not Srcs. cd318/cdcp1 has been reported to play a role in cell-cell and cell-matrix adhesion (3) . in epithelial tissues, cd318/ cdcp1/trask is phosphorylated by Src kinases to undergo mitosis or shedding when epithelial cells disengage from the tissue framework (21, 22) . in the Bm, hematopoietic cells attach to and are nursed by the cells of the hematopoietic niche and detach from the niche to circulate in the peripheral blood. it is intriguing to speculate that circulating hpcs/hScs express high levels of cd318. it has been known that Src is involved in hematopoiesis (23) . as cd318-reactive monoclonal antibody cuB1 augments erythroid colony formation (5), it is possible that the phosphorylation of cd318/cdcp1 by Src kinase may affect hematopoiesis.
Our study showed that CD318 expression on CD34 + cells identifies immature hematopoietic stem cells. This result provides a basis for effective hematopoietic stem cell therapy for various diseases including malignancy. Further studies are warranted to clarify whether cd318/cdcp1 is directly associated with the hematopoietic stem cell function.
